HsfB1 is a central regulator of heat stress (HS) response and functions dually as a transcriptional co-activator of HsfA1a and a general repressor in tomato. HsfB1 is efficiently synthesized during the onset of HS and rapidly removed in the course of attenuation during the recovery phase. Initial results point to a complex regime modulating HsfB1 abundance involving the molecular chaperone Hsp90. However, the molecular determinants affecting HsfB1 stability needed to be established. We provide experimental evidence that DNA-bound HsfB1 is efficiently targeted for degradation when active as a transcriptional repressor. Manipulation of the DNA-binding affinity by mutating the HsfB1 DNA-binding domain directly influences the stability of the transcription factor. During HS, HsfB1 is stabilized, probably due to co-activator complex formation with HsfA1a. The process of HsfB1 degradation involves nuclear localized Hsp90. The molecular determinants of HsfB1 turnover identified in here are so far seemingly unique. A mutational switch of the R/ KLFGV repressor motif's arginine and lysine implies that the abundance of other R/KLFGV type Hsfs, if not other transcription factors as well, might be modulated by a comparable mechanism. Thus, we propose a versatile mechanism for strict abundance control of the stress-induced transcription factor HsfB1 for the recovery phase, and this mechanism constitutes a form of transcription factor removal from promoters by degradation inside the nucleus.
INTRODUCTION
A multitude of transcription factors regulate gene expression at different developmental and environmental conditions. Subsequent to the respective condition, these factors have to be efficiently removed. Emerging results suggest that degradation of transcription factors is a specified and regulated process. For example, in Arabidopsis thaliana the light-responsive transcription factor HFR1, which accumulates under light, is efficiently removed in darkness (Yang et al., 2005) . Ubiquitination of HFR1 is mediated by the E3-ligase COP1, which is less abundant in the nucleus in light (Osterlund and Deng, 1998) . Likewise, the degradation of many transcriptional (co-)activators or repressors by the 26S proteasome plays an important role in eukaryotic transcription (Durairaj and Kaiser, 2014) .
As exemplified for the tomato (Solanum lycopersicum) system, heat stress (HS) transcription factors (Hsfs) are another group of 26S proteasome targets (Hahn et al., 2011) . Compared with other organisms, plant Hsfs are very diverse as evident from the high number of different Hsfs, as well as the structural distinction between the three classes A, B and C. Common to all Hsfs is a conserved DNA-binding domain (DBD; Scharf et al., 1990) comprised of a three-helical bundle and an antiparallel b-sheet of four strands (Schultheiss et al., 1996; Littlefield and Nelson, 1999) . In the helical bundle helices two and three mediate the positioning and binding to HS elements (HSE). These DNA-binding sites are defined by palindromic inverted repeats of the sequence nGAAn (Pelham, 1982; Scharf et al., 2012) . The G nucleotide is invariant as it mediates interaction with the conserved arginine residue in Hsf DBD helix three (Cunniff and Morgan, 1993; Littlefield and Nelson, 1999) .
Class A Hsfs generally act as transcriptional activators, with the transcriptional activation being mediated by aromatic, large hydrophobic and acidic amino acids (AHA motif) in the C-terminal domain (D€ oring et al., 2000; Kotak et al., 2004) . In contrast, most class B Hsfs act as transcriptional repressors by means of their repressor domain, defined by a short peptide sequence (R/KLFGV) located in their C-terminal region close to the nuclear localization signal (Ikeda and Ohme-Takagi, 2009; Ikeda et al., 2011; Scharf et al., 2012) .
Tomato HsfB1 (SlHsfB1) is special in its function, as it contains a GRGK sequence motif commonly found in histones (Bharti et al., 2004) . This motif permits a ternary complex formation with HsfA1a by direct interaction with the CBP-like protein HAC1 (Histone Acetyltransferase of the CBP Family 1), thus increasing transcriptional activity conveyed by HsfA1a. This function is thought to initially promote high expression of HS-inducible genes upon the onset of high temperatures (Hahn et al., 2011) . For soybean HsfB1 in vitro interaction with TFIIB was shown and proposed to be mediated by the HsfB1 C-terminal region. This interaction does not permit transcriptional activation by HsfB1 alone, but gives an alternative model for HsfB1 co-activator function (Czarnecka-Verner et al., 2004) . Arabidopsis HsfB1 (AtHsfB1), which does not contain the GRGK motif and exhibits only weak TFIIB interaction, functions only as a transcriptional repressor (Czarnecka-Verner et al., 2004) . Nevertheless, it is involved in the feedback regulation of the HS response, and is important for acquired thermotolerance (Ikeda et al., 2011) and for repression of genes involved in biotic stress responses (Kumar et al., 2009) . Additionally, enhanced expression of Arabidopsis HsfB1 induces cell death in tobacco leaves (Zhu et al., 2012) , which demonstrates that a tight regulation of the abundance of the transcription factor is essential for plant cell survival.
Control of Hsf function and abundance by molecular chaperones represents one such level of regulation. Hsp70 and/or Hsp90 family members keep human Hsf (Shi et al., 1998; Zou et al., 1998) or Arabidopsis and tomato HsfA1s (Hahn et al., 2011; Ohama et al., 2016) in an inactive state under normal growth conditions and release them upon HS. Arabidopsis HsfA2 is regulated by Hsp90 and its cochaperones ROF1 and ROF2, which provide a dynamic regulatory network for modulation of HsfA2 function (Meiri and Breiman, 2009; Meiri et al., 2010) . Similarly, in tomato Hsp90 facilitates HsfB1 DNA-binding and promotes HsfB1 degradation by the 26S proteasome (Hahn et al., 2011) . However, the molecular requirements and underlying regulatory steps are not known in detail.
We provide experimental evidence that SlHsfB1 turnover is regulated by its function as a transcriptional repressor. Following nuclear import and DNA-binding, HsfB1 is removed through the action of its repressor domain. Transfer of the functional repressor domain to other Hsfs leads to the degradation of the hybrid transcription factor by a similar pathway. Furthermore, mutations in the Hsf DBD leading to altered affinities directly correlate to the stability of the protein. Based on the presented results, we formulate a hypothesis for the regulation of HsfB1 turnover in vivo.
RESULTS

Degradation of SlHsfB1 is enhanced upon DNA-binding
The importance of HsfB1 in the regulation of HS response (Ikeda et al., 2011) and the adverse effects of enhanced HsfB1 levels (Zhu et al., 2012) require a strict control of the protein level. Previous results indicated that DNA-binding might be involved in turnover regulation of HsfB1 (Hahn et al., 2011) . Therefore, we assayed in vivo DNA-binding activity and subsequent protein levels of the functionally different Arabidopsis and tomato HsfB1s. Tomato (Figure 1a and c) or Arabidopsis (Figure 1b and d) mesophyll protoplasts were co-transformed with either SlHsfB1 (Figure 1a and b) or A. thaliana HsfB1 (AtHsfB1; Figure 1c and d), and our established GUS repressor reporter constructs ( Figure S1 ; Treuter et al., 1993) with functional (H3, H9) or mutated (H3 m) HSE. As judged from the repression of GUS activity, both HsfB1s bound to functional HSEs bar diagram) , albeit repression by SlHsfB1 on the HSE9 construct was somewhat lower (Figure 1a and b) . Analysis of the corresponding protein levels by Western blotting confirmed that SlHsfB1 was decreased in the presence of functional HSEs to 50-70% compared with cotransformation of a construct containing no or mutated HSEs (Figures 1a and b, and S1 ). This observation is independent of the protoplast source, indicating that the regulatory pathway is present in both plants; however, the effect was specific for SlHsfB1 as levels of AtHsfB1 were not reduced in both systems (Figure 1c and d) and other SlHsfs were also unaffected in the tomato system (Figure S2) .
The first experiment represented a steady-state at a given time point. Therefore, we analysed the time-dependent degradation of both HsfB1 proteins in the absence or presence of the HSE9-GUS repressor construct in tomato protoplasts. Translation was arrested by the addition of cycloheximide 4 h after transformation, and protein abundance at different time points was analysed by Western blotting. In the course of 6 h, protein abundance of SlHsfB1 declined by about 80% (Figure 1e , full circle). The turnover of SlHsfB1 was enhanced when HSE9-GUS was co-transformed ( Figure 1e , open circle), confirming the observation at steady-state (Figure 1a and b) . Interestingly, AtHsfB1 exhibited a faster turnover than SlHsfB1 (Figure 1e , closed triangle), which was not affected by co-transformation of HSE9-GUS (Figure 1e , open triangle).
SlHsfB1 turnover can be manipulated by altering DNAbinding affinities
To date several mutations of the Hsf DBD with reduced DNA-binding affinity have been reported (Littlefield and Nelson, 1999) , while (to our knowledge) no mutation with enhanced DNA-binding affinity is known. In order to substantiate our observation of DNA-binding-dependent degradation, we aimed to create such mutant proteins. Aligning the sequence of SlHsfB1 to Kluyveromyces lactis Hsf (KlHsf), which was used for co-crystallization with a tail-head oriented HSE (Littlefield and Nelson, 1999) , shows that the recognition helix of the DBD is conserved (Figure 2a) . Arginine 250 of KlHsf (R63 of SlHsfB1) is central for the interaction between the DBD and the HSE repeat ( Figure 2b ) through interaction with G 6 (Figure 2a and c, blue). Replacing arginine by alanine (R63A) disturbs the interaction and causes a reduced affinity for HSE (Schultheiss et al., 1996) . Similarly, replacing the conserved arginine/lysine stretch at the very C-terminus of the DBD of SlHsfB1 ( Figure S3 ; RRRK97-100SQTN) likely decreases the DNA-binding affinity as found for tomato HsfA1a and HsfA2 (Lyck et al., 1997) .
Although exposed to the major groove of the DNA, alanine 246 of KlHsf (S59 of SlHsfB1) is not involved in any protein-protein or protein-DNA interaction (Figure 2a and c, green). Replacement of serine 59 in SlHsfB1 by arginine (S59R) is predicted to result in additional hydrogen bonds between arginine and T 4 of the HSE (Figure 2b and c) . Similarly, a lysine (S59K) at this position is thought to result in hydrogen bonds with the T residue complementary to A 5 (Figure 2b and c) or the phosphate backbone of the C residue complementary to G 6 (Figure 2b and c) .
Influences of the mutations on HSE-binding were verified by EMSA with purified PCR products derived from the 5 0 -UTR and promoter region of the HS-inducible co-chaperone Hop (Nicolet and Craig, 1989) . The fragments contain either only one tetrameric HSE repeat in head-tail-head-tail orientation (P Hop152 ), or an additional trimeric head-tail-head HSE (P Hop176 ; Figures 2d and S4a). Recombinant wild-type SlHsfB1 ( Figure S4b ) interacted with both DNA fragments (Figure 2e ), but bound P Hop176 with higher efficiency (Figure S4c) . Replacement of serine 59 by arginine or lysine enhanced DNA-binding as both mutant proteins induced a stronger band shift at equal molarity when compared with wild-type SlHsfB1 (Figure 2e ). The mutant proteins were termed DB+1 (S59K) and DB+2 (S59R) for 'DNA-binding enhanced(+)'. In agreement with in silico predictions DB+1 bound stronger than DB+2 to the HSE ( Figure S4c ). Replacement of arginine 63 by alanine reduced the binding to both promoter fragments (Figures 2e and S4c) . This mutant protein was termed 'DNA-binding reduced(À) 1' (DBÀ1). Similarly, the mutation of the arginine stretch at the very C-terminus of the DBD (RRRK97-100SQTN, termed DBÀ2) resulted in a loss of , and the effect on binding to P Hop176 was even more drastic than found for DBÀ1 ( Figure S4c ). This region potentially stabilizes oligomers by hydrogen bonds between arginine/lysine and the DNA backbone, as shown for human Hsfs 1 and 2 (Jaeger et al., 2016; Nakai, 2016; Neudegger et al., 2016) .
None of the mutations affected the localization of SlHsfB1 in vivo as confirmed by co-localization of fluorescence signals of all GFP-HsfB1 proteins with the nuclear marker Enp1-mCherry (Missbach et al., 2013) The sequence is provided in Figure S4 . (e) Recombinant His 6 -HsfB1 (DB+1, DB+2, WT and DBÀ2) or HsfB1-His 6 (DBÀ1) were mixed at equimolar ratios with the P Hop152 or P Hop176 . After incubation, samples were analysed on 2% agarose gel with ethidium bromide staining. (f) Protoplasts were transformed with Enp1-mCherry-coding plasmid and plasmid coding for the indicated GFP-HsfB1 construct. GFP and mCherry fluorescence were analysed by CLSM. OL = overlay of GFP and mCherry signals; DIC = differential interference contrast. Scale bars indicate a length of 10 lm.
(g,h) Protoplasts were transformed with plasmid DNA of indicated Hsf expression constructs or Neo. Samples were subjected to SDS-PAGE and Western blotting (g), or RNA was extracted for RT-PCR normalized to EF1a (h). (g) Note that for the same blot two exposure times are shown (SE = short exposure; LE = long exposure). (i) 10 ng of indicated recombinant His 6 -HsfB1 was subjected to SDS-PAGE and Western blot analysis with HsfB1-specific antibody.
after co-transformation of protoplasts ( Figure 2f ). Next, we compared the levels of the SlHsfB1 mutant proteins 9 h after protoplast transformation. The level of DB+1 and DB+2 was drastically lower (Figure 2g ; DB+ versus WT), while the level of DBÀ1 and DBÀ2 was higher when compared with wild-type HsfB1 as judged by Western blotting (Figure 2g ; DBÀ versus WT); however, the transcript level was comparable (Figure 2h ). The reduced signal of DB+ mutant proteins was not caused by epitope disturbance of the polyclonal HsfB1 antibody as judged from Western blot analysis of 10 ng of recombinant proteins ( Figure 2i ).
All mutant proteins exhibited changes in the homeostatic state compared with wild-type SlHsfB1. We analysed whether co-transformation of the HSE9-GUS plasmid affects the abundance of SlHsfB1 mutant proteins. Remarkably, the protein levels of the DBÀ and the DB+ mutant proteins were not affected by co-transformation of HSE9-GUS (Figures 3a and S5 ). For DBÀ this might be related to the loss of DNA-binding. The result for DB+ suggests that the increased affinity of the mutant proteins for endogenous HSEs makes them more susceptible to turnover without the need for addition of exogenous HSEs.
Due to the different homeostatic levels of the mutant proteins, we transformed protoplasts with 20, 4 or 0.2 lg of wild-type SlHsfB1 and analysed the relation between initial SlHsfB1 abundance and its degradation. The initial protein abundance at t 0 correlated with the degradation behaviour; the higher the initial protein abundance (Figure 3c , lanes 2-4), the lower the rate of degradation and the higher the relative remaining protein level 6 h after translational arrest ( Figure 3b) .
We analysed the degradation of the mutant proteins at t 0 , i.e. 4 h after transformation. DBÀ mutant proteins showed a higher steady-state level when compared with wild-type expressed from the same amount of plasmid DNA (exemplified for DBÀ1; Figure 3c , lane 5). Here, the protein abundance of DBÀ1 was comparable to that of wild-type HsfB1 expressed from 20 lg DNA. Interestingly, protein abundance of DB+1 at t 0 was comparable to that of wild-type expressed from the same amount of plasmid DNA (Figure 3c , lane 1). Although this observation contrasts the situation after 9 h (Figure 2g ), it suggests that up to this point (4 h after transformation) the steady-state of synthesis and degradation is equal for both wild-type and the DB+ mutant protein.
To test our hypothesis that the turnover of the DB+ mutant proteins occurs at a near maximal rate, we performed chase experiments. The abundance of both DB+ mutant proteins (Figure 3d , open/closed triangle) declined faster than that of wild-type (Figure 3d , closed circle). The rate of degradation of wild-type became comparable to that of the DB+ mutant proteins when the HSE9-GUS construct was co-expressed ( Figure 3d , open circle). This supports our hypothesis that turnover of the DB+ mutant proteins occurs at a near maximal rate.
Finally, the DBÀ mutant proteins (Figure 3e , open circle/ closed triangle) were more stable than wild-type (Figure 3e, closed circle) . To judge whether the reduced turnover rate was influenced by the mutation or by the initial abundance, we compared the rates of decay normalized to the decay of HsfB1 expressed from 4 lg of plasmid DNA (Figure 3f ). Although both transformations resulted in similar protein levels at t 0 , the decay rate of DBÀ1 was slower than for SlHsfB1 expressed from 20 lg plasmid, while DBÀ2 exhibited an intermediate decrease in decay. Thus, the decreased degradation of the DBÀ mutant proteins is related to the loss of DNA-binding and not to the initial protein abundance.
The degradation of SlHsfB1 by transformation of 0.2 lg of plasmid (Figure 3c ) was 1.8-fold faster compared with transforming 4 lg of plasmid (Figure 3f ). In turn, the degradation rate of the DB+1 mutant protein with equal initial protein abundance compared with transformation of 4 lg wild-type SlHsfB1 plasmid ( Figure 3c ) was increased by 1.6-fold (Figure 3f ). This suggests that the increase in DB+1 mutant protein decay stems from the enhancement of DNA-binding. Similarly, the decay of the DB+2 mutant protein was 1.3-fold faster, which is comparable to the increase of the degradation rate of SlHsfB1 by co-transformation of HSE9-GUS plasmid (Figure 3f ; 1.4-fold). These results support the hypothesis that HsfB1 degradation depends on its capacity to interact with HSEs.
SlHsfB1 degradation depends on nuclear localization
The dependence on DNA-binding for efficient SlHsfB1 degradation raised the question, whether HsfB1 turnover only occurs within the nucleus. We mutated the NLS of SlHsfB1 (mNLS, Figure S3 ; Bharti et al., 2004) and confirmed by GFP fusion that fluorescence in protoplasts was found exclusively cytosolic ( Figure 4a ). Moreover, mutation of the NLS led to an enhanced homeostatic protein level compared with wild-type (Figure 4b) , and co-transformation of the HSE9-GUS construct did not enhance degradation of mNLS (Figure 4c ). Likewise, mNLS degradation was significantly reduced when compared with wild-type HsfB1 (Figure 4d , triangle versus closed circle), which demonstrates the importance of nuclear targeting for degradation. To probe for the importance of export after, for example, nucleoplasmic modification, we repeated the chase experiment with SlHsfB1 in the presence of the nuclear export inhibitor LeptomycinB (Figures 4d, open circle, and S6; Heerklotz et al., 2001) . The degradation of SlHsfB1 was not affected in the presence of LeptomycinB, indicating that export is not required for HsfB1 degradation.
Some degradation of mNLS still occurred (Figure 4d ), which might indicate that the mutant protein is coimported into the nucleus with endogenously expressed Hsf. We tagged either wild-type or mNLS at the N-terminus with either the N-or the C-terminal split-YFP-fragment (N/ C-B1; N/C-mNLS) for in situ interaction. Co-transformation of plasmids encoding only the N-or C-terminal YFP-fragment yielded if at all a very weak fluorescence in the cytosol and nucleus (Figure 4e-1) , a pattern comparable to that of GFP (Figure 4e-2) . Co-transformation of N-mNLS with CmNLS resulted in an exclusive cytosolic signal (Figure 4e -3) resembling GFP-tagged mNLS (Figure 4a) . Similarly, cotransformation of N-B1 with C-B1 resulted in an exclusive nuclear YFP-signal (Figure 4e-4) . Combining C-B1 with NmNLS, we generally found both nuclear and cytosolic signals; however, the degree to which cytosolic signals occurred varied from high (Figure 4e -5) to background (Figure 4e-6 ). This finding implies that oligomerization of SlHsfB1 already occurs in the cytosol and that a portion of mNLS is co-transported into the nucleus, which is consistent with findings for NLS mutant proteins of Drosophila HSF (Orosz et al., 1996) .
SlHsfB1 degradation depends on nuclear localized Hsp90
Hsp90 is proposed to regulate tomato HsfB1 function and turnover by direct interaction (Hahn et al., 2011) . However, plant Hsp90 is generally cytoplasmic and nuclear localization is only induced by formation of specific complexes, for example with HsfA2 and the co-chaperone ROF1 (Meiri and Breiman, 2009 ). Therefore, we analysed the localization of Hsp90 in tomato protoplasts. GFP-Hsp90 resided in the cytosol (Figure 4a) and (if at all) only a small portion of Hsp90 was localized in the nucleus.
As in vivo interaction between Hsp90 and HsfB1 had been shown (Hahn et al., 2011) , we fused the C-YFP-tag to the N-terminus of Hsp90 (C-90). Co-transformation with plasmids coding for B1-N (N-YFP-tag fused to the C-terminus of SlHsfB1; Figure 4f position on HsfB1 (Figure 4f-1/2) . However, in a few instances a cytosolic signal was observed as well (Figure 4f-2) . Additionally, interaction of C-90 with N-mNLS was exclusively cytosolic (Figure 4f-3) .
Considering the interaction of Hsp90 and HsfB1 inside the nucleus and the importance of DNA-binding for HsfB1 degradation, we analysed the influence of Hsp90 in this pathway. We reduced expression of individual parts of the chaperone machinery, i.e. Hsp90, Hsp70, the adapter cochaperone Hop or the E3-ligase co-chaperone Chip involved in ubiquitination of client proteins (McDonough and Patterson, 2003) , by co-transformation with inverted repeat constructs (IR; Figure 4g ) targeting the different components (Tripp et al., 2009; Tillmann et al., 2015) . Coexpressed SlHsfB1 was in all cases strongly enhanced. The specificity of this result was confirmed by the use of a glutathione-S-transferase IR construct, which demonstrated no effect on HsfB1 stability (Figure 4g ). This observation is ) and LmB (20 ng mL À1 ) was added after 4 h, and samples were taken at indicated time points. The density of Western blot signals with HsfB1-specific antibody was quantified. Shown is the mean and standard error of the ratio t(x)/t(0) of the indicated repetition of experiments. Lines represent the least square fit analysis with an exponential equation. The curve for HsfB1 wild-type is the same data set as in Figure 1e . (e,f) Protoplasts were transformed with Enp1-mCherry in addition to N-YFP and C-YFP plasmids (e, panel 1), indicated fusions with HsfB1, the HsfB1-mNLS mutant protein (e, panels 3-6) or Hsp90 (f), or GFP coding plasmid (e, panel 2). Fluorescence of GFP (G)/YFP (Y), mCherry, the overlay thereof (OL) and differential interference contrast (DIC) is shown.
(g-i) Protoplasts were transformed with HsfB1-encoding plasmid, equal amounts of pHSE9-GUS plasmid (h, i), and double the amount of either indicated inverted repeat (IR) (g) or indicated chaperone expression constructs (h, i). Samples were subjected to SDS-PAGE and Western blot analysis with the indicated specific antibodies. Note that the left and right panels of (i) originate from the same exposure of the same blot.
specific for targets of these chaperones, as the abundance of non-related proteins like Enp1 and Nob1 is not influenced by chaperone IR constructs (Tillmann et al., 2015) . Despite the severe effect of reduced Hsp70 expression, overexpression of Hsp70 had only mild effects on SlHsfB1 levels both in the presence or absence of pHSE9 (Figure 4h) . In line with our previous results (Hahn et al., 2011) , co-transformation of Hsp90 led to a reduced homeostatic state of SlHsfB1, comparable to that achieved by cotransformation of pHSE9 (Figure 4i) . Interestingly, the cotransformation of plasmids encoding tomato HsfB1, Hsp90 and HSE9-GUS further reduced the homeostatic HsfB1 levels, supporting that Hsp90 is involved in the DNA-binding-dependent degradation of HsfB1.
SlHsfB1 degradation is inhibited by HS and HsfA1a expression
HsfB1 expression is enhanced during HS (Hahn et al., 2011; Zhu et al., 2012) , and HS denatured proteins compete for chaperone binding leading to Hsf release. Consequently, we analysed the influence of HS on SlHsfB1 turnover at 39°C (Figure 5a , open circle) or 42°C (Figure 5a , closed triangle), and observed a drastic reduction at both temperatures. This does not reflect a reduced capacity of protoplasts to degrade proteins under HS, because cotransformation of the HSE9-GUS construct restored the decay of SlHsfB1 at 42°C almost to the decay at control temperature ( Figure 5a , open triangle). SlHsfB1 is unique in its dual function as transcriptional co-activator during HS where we observed stabilization, and as transcriptional repressor during recovery, as shown for AtHsfB1 (Ikeda et al., 2011) , where we observed faster degradation. Thus, we tested whether co-expression of HsfA1a promotes SlHsfB1 stability due to a forced co-activator complex formation. We used increasing amounts of HsfA1a-encoding plasmid with constant amounts of SlHsfB1 plasmid for protoplast transformations, and observed a correlation of SlHsfB1 protein abundance with the HsfA1a concentration (Figure 5b ). The stabilization of SlHsfB1 relied on HsfA1a DNA-binding because co-transformation of the DNA-binding-deficient HsfA1a-M5 (Bharti et al., 2004) did not enforce HsfB1 stabilization (Figure 5c ). However, both wild-type and M5-mutant protein of HsfA1a were produced at equal protein amounts ( Figure S7a ). This is consistent with the observation that a functional in vivo complex depends on DNA-binding of both HsfA1a and SlHsfB1 (Bharti et al., 2004) . In line, HsfA1a expression had no further stabilizing effect on co-transformed DBÀ1 mutant protein (Figure 5d) .
The co-activator function appears to shield SlHsfB1 from degradation. To probe for the impact of the repressor function, we replaced amino acid residues KLF of the KLFGVtype repressor domain by NST (mRD; Figure S3 ). This exchange does not disturb nuclear localization of the GFPfusion protein (Figure 6a ). The loss of repressor function was verified by a reporter assay with a construct composed of the promoter of the HS-inducible co-chaperone Hop ( Figure S7b ; Nicolet and Craig, 1989) and the open reading frame of the A. thaliana outer envelope protein of 7 kDa (OEP7; Machettira et al., 2012 ) with a C-terminal Myc-GFP fusion. This construct has a basal activity, which was repressed by co-expression of SlHsfB1 (Figure 6b Figure S7b ). Co-expression of both HsfA1a and SlHsfB1 yielded the strongest protein expression (Figure 6b , left panel, third lane), confirming the co-activator function of SlHsfB1 (Bharti et al., 2004) . The mutation of the repressor domain did not alter the amount of reporter expressed under co-activator complex (Figure 6c , open circle) was comparable to mutant proteins with reduced DNAbinding capacity, although mRD still bound to HSEs (Figure S7c) . Thus, a functional repressor domain appears to be important for the DNA-binding-dependent HsfB1 turnover regulation.
To define the connection between DNA-binding and repressor domain function in SlHsfB1 turnover regulation, we combined both, the DB+1 and repressor domain mutation. Remarkably, in the chase experiment the double mutant protein mirrored the behaviour of mRD (Figure 6c , open triangle). This indicates that indeed both DNA-binding and a functional repressor motif are important for efficient turnover of SlHsfB1. In this context, disturbance of the repressor function eliminates efficient turnover usually induced by enhanced DNA-binding.
Two alternative modes of action can be proposed: either DNA-binding triggers degradation of HsfB1 and the repressor function is a regulator thereof; or the DNA-binding is required but the repressor domain triggers the degradation. In the latter case, the repressor domain should function in the context of another DNA-binding factor. We utilized a truncation mutant protein of HsfA2 (HsfA2ΔC323), which is localized in the nucleus and constitutively active (Lyck et al., 1997) , by fusing the repressor domain of HsfB1 at the C-terminus (HsfA2ΔC323-RD; Figure S7d ). We verified the repressor function on the promoter of HsfA2 fused to the open reading frame coding for OEP7-Myc-GFP. In the absence of Hsfs the promoter of HsfA2 did not show any activity (Figure 6d , first lane). Co-transformation of HsfA2DC323 increased reporter gene expression in the absence or presence of HsfA1a (Figure 6d , second and third lane), while this activation was lost in the presence of HsfA2DC323-RD (Figure 6d, last lane) . This is likely due to the competition between activator and repressor function with repression overriding activation. The repression was not observed when HsfA1a was co-transformed ( Figure 6d , second to last lane), which mimics the effect of HsfA1a on SlHsfB1 (Figure 6b ). The repression of activation was specific for the functional repressor domain, as the fusion of the mutated repressor motif (HsfA2DC323-mRD; Figure S7d) induced the same reporter expression as HsfA2DC323 (Figure 6e ). This observation is reminiscent of the reported dominant negative repressor effect caused by fusion of the Drosophila engrailed repression domain (EN) to Arabidopsis HsfA1a (Wunderlich et al., 2003) , or of the plant-specific EAR repression motif SRDX to sunflower HsfA9 (Tejedor-Cano et al., 2010) .
We assayed the turnover of the three mutant proteins and observed the basal degradation of HsfA2DC323 (Figure 6f, closed circle) , which reduced the initial protein abundance by 60% within 6 h. Degradation of HsfA2DC323-RD was much faster, and after 6 h the protein was barely detectable (Figure 6f , open circle), while HsfA2DC323-mRD degradation occurred at a slightly lower rate than HsfA2DC323 (Figure 6f, closed triangle) . Thus, besides its capacity to act as transcriptional repressor, the repressor domain of HsfB1 regulates protein degradation in the context of its fusion to the transcriptional activator HsfA2.
The repressor domain of HsfB1 belongs to the R/KLFGVtype repressor-motif (Ikeda and Ohme-Takagi, 2009 ), where the core sequence can vary in its first position between arginine or lysine. To evaluate whether the global repressor motif acts as a degradation signal, we exchanged lysine to arginine (RLFGV). The homeostatic level of wildtype SlHsfB1 and the RLFGV variant was equal when equal amounts were transformed in protoplasts (Figure 6g) , and HsfB1-RLFGV exhibited the same repressor function as wild-type HsfB1 on the Hop promoter-containing construct (Figure 6h) . Finally, the turnover of SlHsfB1 and SlHsfB1-RLFGV was almost identical (Figure 6i) . Thus, the identified mechanism depends on its function as transcriptional repressor.
DISCUSSION
Regulation of stress-induced transcription factor abundance is central for the stress response cycle, as enhanced levels after recovery can disturb cellular function (Zhu et al., 2012) . We established that the HS-induced transcription factor HsfB1 of the R/KLFGV-type repressor family (Ikeda and Ohme-Takagi, 2009 ) is regulated by DNA-binding ( Figure 3 ) and repressor function-dependent (Figure 6 ) degradation in the nucleus (Figure 4) . The repressor function-dependent mode of regulation is likely a general mode for this type of transcription factor, at least in the context of other class B Hsfs. Whether this mode of action holds true for all R/KLFGV-type repressors, which mostly comprise factors involved in hormone signalling (Ikeda and Ohme-Takagi, 2009 ), has to be shown in the future. The transfer of the KLFGV-based repressor function to another transcription factor places this hybrid protein under the same regulatory regime (Figure 6 ), and the mode of protein abundance regulation is not specific for the motif present in SlHsfB1 but also functions for RLFGV (Figure 6 ). At last, AtHsfB1 is rapidly removed as well (Figure 1 ). The faster degradation of AtHsfB1 is most likely the result of the exclusive repressor function of this HsfB1 family member (Bharti et al., 2004; Czarnecka-Verner et al., 2004) . SlHsfB1 has a co-activator function in complex with HsfA1a in addition to the repressor function, which leads to a partial stabilization of the protein ( Figure 5) .
The identified mode of degradation involves DNA-binding as prerequisite, as reduction of the DNA-binding affinity leads to protein stabilization (Figure 3 ). In turn, we established two structure-guided DBD mutant proteins with enhanced HSE affinity (Figure 2 ). These mutant proteins are more rapidly degraded than wild-type and the protein level is not influenced by additional HSE elements (Figure 3) . Thus, endogenous binding sites for HsfB1 are not limiting, and we propose that another factor limiting degradation is Hsp90 (Figure 4 ; Hahn et al., 2011) , which explains the dependence on initial HsfB1 protein amounts (Figure 3) . Limitation of Hsp90 contributes to the stabilization under HS conditions (Figure 5 ), where chaperones become essential to stabilize denatured cellular proteins ( Abravaya et al., 1992; Tripp et al., 2009) . The chaperone system is highly fine-tuned, as downregulation of one component has an effect on the entire system and on HsfB1 abundance (Figure 4) . Consistently, the knockdown of either Hsp70 or Hop, which is involved in client transfer from Hsp70 to Hsp90 (Johnson et al., 1998) , implies that HsfB1 initially binds to Hsp70 (Hahn et al., 2011) and is subsequently transferred to Hsp90.
Although the identified mechanism could represent a general mode of R/KLFGV-type repressor regulation, the dual function of SlHsfB1 as co-activator and repressor leads to a more complex mode of regulation (Figure 7) . We propose that after expression of SlHsfB1, dimerization occurs in the cytosol (1; Figure 4 ; Orosz et al., 1996) followed by nuclear import possibly in complex with Hsp90 and/or other factors (2; Figure 4 ). LpHsfB1 can either exert its function as transcriptional co-activator in concert with HsfA1a (3) or repressor (5). During early HS, HsfB1 acts as co-activator (3; Bharti et al., 2004) and is shielded from degradation (4; Figure 5 ), whereas in the recovery phase HsfB1 acts as repressor (5; Figure 6 ; Ikeda et al., 2011; Scharf et al., 2012) . Promoter activity tests indicate activity of both functions of SlHsfB1 on the promoter of the co-chaperone Hop (Figures 6 and S7 ). During transition from HS to recovery, HsfA1a is likely removed from DNA by the action of Hsp70 resulting in a transfer of HsfB1 from coactivator to repressor function (7; Hahn et al., 2011) . Manifestation of the repressor function is required for subsequent targeting for degradation by the 26S proteasome (6; Figures 1 and 5 ) in an Hsp90-dependent manner (Figure 4 ; Hahn et al., 2011; Tillmann et al., 2015) .
Summarizing, we provide a hypothesis on the functional cycle of SlHsfB1 acting dually as co-activator and repressor. On this basis, future investigations will clarify whether this holds true for all cell types and whether this information can be transferred to breeding strategies. In addition, we document a mechanism of transcription factor removal from promoters, which might be a general mode for functional regulation of R/KLFGV-type repressors. This hypothesis contributes to our understanding of transcription factor regulation and the generalization needs to be challenged in the future.
EXPERIMENTAL PROCEDURES
Construct generation
Published constructs are summarized in Table S1 . Other constructs were generated by standard procedures and are summarized in Table S2 .
Protoplast transformation and GUS-assay
Tomato (S. lycopersicum cv. Moneymaker) and Arabidopsis Col0 mesophyll protoplasts were purified and transformed by polyethylene glycol-mediated transformation (Mishra et al., 2002; Sommer et al., 2011) . In short, 100 000 protoplasts were transformed with 20 lg of purified plasmid DNA per sample. In cases where less DNA was used, total amounts were adjusted to 20 lg with pRTNeo plasmid. After transformation, protoplasts were incubated for 7-9 h at 26°C. For GUS-assay analysis, 50 000 protoplasts were transformed with a total of 10 lg plasmid DNA and incubated at 26°C for 8-9 h. GUS activities were determined as described previously (Treuter et al., 1993) .
Western blot analysis
Protoplast samples were harvested and resuspended in high salt buffer (Tillmann et al., 2015) . Samples were vigorously vortexed and centrifuged for 5 min at 20 000 g at 4°C. Supernatant was transferred to a new tube, and the procedure for SDS-PAGE and immunoblotting was performed as described before (Hahn et al., 2011) . The antibodies used were specific for GFP (Roche, Penzberg, Germany), haemagglutinin tag (HA; Hiss Diagnostics, Freiburg im Breisgau, Germany) and Hsp90 (Agrisera, V€ ann€ as, Sweden). Antibodies for Hsp70, HsfA1(8HN), HsfA2(30HN), HsfA3 and HsfB1(24T11) have been described (Lyck et al., 1997; Kirschner et al., 2000; Port et al., 2004; Hahn et al., 2011; Tillmann et al., 2015) . Signals were visualized with HRP-coupled secondary antibodies (SigmaAldrich, Munich, Germany) and enhanced chemiluminescence (Western Lightning Plus ECL solutions from PerkinElmer, Baesweiler, Germany) followed by exposition to Xray films (Fuji Medical XRay films Super RX). Representative blots of at least two biological replicates are shown.
Protoplast chase and quantification
Protoplasts were transformed as described above with individual transformations for each time point. Four hours after transformation, cycloheximide was added at a final concentration of 20 lg mL À1 . Samples were taken at different time points and processed as described above. For quantification of Western blot signals, band intensities were analysed with ImageJ after background subtraction (Abr amoff et al., 2004) . Ratios of signals at the different time points to time point zero were calculated. For every biological experiment at least two signals were quantified and the mean values were used for further calculation. Graphical presentation of the data was done using Sigma plot. The curves were calculated by least square fit analysis with an exponential equation, and decay rates were taken from these curves.
Microscopic analysis
Microscopic analysis of GFP-, mCherry-or YFP-fusion proteins and their intracellular localization was done using a Leica SP5 confocal laser-scanning microscope. GFP was excited at 488 nm, mCherry at 561 nm and YFP at 514 nm. Fluorescence emission was measured at 490-548 nm (GFP), 570-656 nm (mCherry) and 519-548 nm (split YFP). Bleed-through of different channels was minimized by sequential excitation.
Expression and purification of recombinant HsfB1 and mutant proteins
Overexpression constructs were transformed into Escherichia coli BL21(DE3) cells. Expression was induced at OD 600 of 0.6-0.8 with 1 mM IPTG. DBÀ1 protein was expressed for 3-4 h at 30°C. HsfB1 wild-type and the other mutant proteins were kept for 1 h at 4°C prior to induction, and expressed overnight at 15°C. After harvesting, cell pellets were resuspended in lysis buffer [25 mM HEPES, 200 mM NaCl, 5% (w/v) glycerol, 10 mM imidazole, 10 mM b-mercaptoethanol, pH 7.4] with 1 mg mL À1 lysozyme and kept on ice for 30 min. Lysate was sonicated (10 strokes at 75% intensity and 40 cycles) and centrifuged (30 min, 20 000 g, 4°C). Polyethylenimine (SigmaAldrich) was added to the supernatant to a final concentration of 0.05% and incubated for 20 min at 21°C. Samples were centrifuged and the supernatant was applied to Ni-NTA. After washing (wash buffer 1 = lysis buffer with 20 mM imidazole; wash buffer 2 = lysis buffer with 400 mM NaCl and 30 mM imidazole), proteins were eluted (elution buffer = lysis buffer with 200 mM imidazole). Protein concentration was estimated by Bradford assay according to manufacturer's protocol (BioRad, Hercules, CA, USA).
RT-PCR
RNA from 3 9 10 5 transformed protoplasts was isolated with the RNA II Kit NucleoSpin (Macherey-Nagel, D€ uren, Germany). The cDNA synthesis was performed with 1 lg of RNA in a 20-lL reaction mix containing RevertAid RT Transcriptase (Thermo Fischer Scientific, Waltham, MA, USA). Standard PCR reactions were done with the following oligonucleotides: SlEF1a-fw: GGAACTTGA GAAGGAGCCTAAG; SlEF1a-rv: CAACACCAACAGCAACAGTCT; SlHsfB1fw: GTCCCAGTTCACGGACTTGT; SlHsfB1-rv: TTGGCTCA TGATACGGTTGA. Products were mixed with DNA loading buffer [0.1% OrangeG and 10% glycerol (w/v) in ddH 2 O], separated on a 2% agarose gel and visualized by ethidium bromide staining. Transcript amounts were normalized to EF1a.
Electrophoretic mobility shift assay DNA fragments were produced by PCR on the pHop:AtOEP7-Myc-GFP plasmid as template with the following oligonucleotides: pHop176fw: AATCGTCATCGAACTTTCC; pHop152fw: CTCAAACC AGAACCTACAAGAACCC; pHop-rv: AGCCATGGCTGCTGATTTAC AGG. After PCR, samples were washed with phenol/chloroform, precipitated with ethanol and resuspended in ddH 2 O. DNA concentration was estimated by NanoDrop measurement. For band shift assays, DNA and recombinant proteins were mixed with 10 9 binding buffer [500 mM NaCl, 10 mM EDTA pH 8.0, 200 mM Tris/HCl pH 7.8, 10 mM DTT and 50% (w/v) glycerol] in a 20 lL reaction volume for a final concentration of the respective molarity. DNA concentration was kept constant at 0.4 lM [equal to 750 ng (P Hop 152) or 870 ng (P Hop 176) in 20 lL] and recombinant protein was adjusted to the indicated molarity (equimolar ratio is equal to 0.28 lg). The samples were incubated for 20-30 min at room temperature. Fifty percent of the samples were loaded on 2% Agarose gel after mixing with 6 9 DNA loading buffer and analysed after DNA staining with ethidium bromide.
Computational modelling
The basis for all modelling was the crystal structure 3HTS of the HSF-DNA complex (Littlefield and Nelson, 1999) from K. lactis. In silico mutations as well as rotamer prediction were performed with YASARA and its SCWALL method (Krieger et al., 2009) . Molecular graphics were created with YASARA (Krieger and Vriend, 2014) .
Sequence alignments
Protein sequences for K. lactis Hsf (CAA38950, aa220-259) and SlHsfB1 (aa33-72) were aligned in CloneManager using a BLO-SUM62 scoring matrix with default settings.
ACCESSION NUMBERS
Sequence data were extracted from public Solgenomics database (https://solgenomics.net) for HsfA3 -Solyc09 g009100; HsfA4b -Solyc07 g055710; HsfA9 -Solyc07 g040680; HsfB2a -Solyc03 g026020; HsfC1 -Solyc12 g007070; Hsp90-2 -Solyc07 g065840; Hsp70-1 -Solyc06 g076020; ChipSolyc06 g083150; Hop -Solyc08 g079170; EF1a -Solyc06 g009970, and from http://www.arabidopsis.org for Enp1 -At1g31660; HsfB1 -At4 g36990; OEP7 -At3 g52420. Information for Solanum peruvianum Hsfs are taken from GenBank/EMBL databases (HsfA1a -CAA47869; HsfA2 -CAA47870; HsfB1 -CAA39034). Figure S3 . Mutations used in this study mapped to the HsfB1 sequence. Figure S4 . Influence of mutations on HsfB1 DNA-binding. Figure S5 . Loading controls for blots in Figure 3a . Figure S6 . LeptomycinB induced nuclear retention of HsfA2. Figure S7 . Verification of P Hop :AtOEP7-Myc-GFP HS induction and HsfB1 mRD activity. Table S1 . References for constructs used in this study. Table S2 . Constructs generated during this study.
